In the globular region of each histone, the central hisit extends toward the DNA major groove at the entrytone fold domains contain three α-helical regions sepaexit points of the DNA superhelix as it wraps around rated by L1 and L2 loops (e.g., α1-L1-α2-L2-α3; Luger the nucleosome. We show that K56 acetylation is enet al., 1997a). There are also helical extensions in H3 riched preferentially at certain active genes, such as and H2B histones that are N-and C-terminal to the those coding for histones. SPT10, a putative acetylcentral histone folds, respectively. In contrast to the N transferase, is required for cell cycle-specific K56 termini, the histone-folds interact extensively with DNA. acetylation at histone genes. This allows recruitment
to promoters (Cosma et al., 1999; Kingston and Narlistrains. As shown in Figure S2D , the K56G mutation strongly reduced the PCR amplification of the HTA2 kar, 1999). However, the temporal order of these activities can vary. In vitro, histone N-terminal acetylation coding region (normally 5.8-fold over background) to background levels. Together, these data demonstrate stabilizes the binding of the SWI/SNF complex to nucleosome arrays (Hassan et al., 2001) . SWI/SNF acthat antibody α-K56 Ac is highly specific for acetylated K56 in histone H3. tion at certain yeast promoters recruits (Table S1 ). ined, strongly decreases the S phase-specific acetylaWe asked whether genes that are hyperacetylated at tion of this site at histone genes and prevents recruit- To determine whether K56 acetylation correlates with tones were purified from asynchronously growing cells that of other known histone acetylation sites, we comand examined by mass spectrometry. We found that pared our data to that of Kurdistani et al. (2004) , who lysine 56 within the αN domain of histone H3 is acetexamined the genome-wide occurrence of acetylation ylated (see Figure S1 in the Supplemental Data availat 11 sites of acetylation in all four core histones. We able with this article online) at w28% of H3 molecules did not find there to be a strong correlation of K56 (data not shown). To further investigate the role of K56 acetylation with any of other N-terminal sites of acetyacetylation in vivo, we first generated an antibody spelation (data not shown). While many sites of histone H3 cific for this acetylation site using a synthetic K56 Ac N-terminal acetylation showed correlations R > 0.8 in peptide ( Figure S2A ; Experimental Procedures). Specipairwise comparisons (Kurdistani et al., 2004) , the maxficity of the anti-H3 K56 acetylation-site antibody (α-K56 imal correlation between K56 acetylation and other Ac) was tested sequentially by ELISA, Western blot, and sites was R = 0.30 with H3 K18 (ORFs) and R = 0.19 chromatin immunoprecipitation (ChIP) against histone with H3 K9 (IGRs). These data may be explained if a mutations as described earlier (Suka et al., 2001 ; Turner subset of active genes throughout the genome is afand Fellows, 1989). In ELISA, only the peptide containfected strongly by K56 acetylation and if K56 acetylaing acetylated K56 strongly inhibits antibody binding to tion is due to a distinct HAT at these genes. the K56 Ac-KLH conjugate coated to the microtiter plate ( Figure S2B ). In Western blots, α-K56 Ac strongly immunoreacts with histone H3 from wt strains, and H3 K56 Acetylation Is Mediated by the Putative HAT Spt10 at Histone Genes those in which another H3 acetylation site has been mutated (H3 K14R) but showed no detectable reactivity To search for the enzyme(s) responsible for K56 acetylation state, we used ChIP to examine the effects of toward H3 whose K56 residue had been mutated (K56G, K56R; Figure S2C ). Finally, ChIP assays were mutations of the known HATs and HDACs at individual genes identified in the microarrays as being enriched performed using chromatin from wt and K56G mutant for K56 acetylation. Of the HAT (ELP3, GCN5, SAS2, to histone gene ORFs as well as at promoters, we examined the binding of myc epitope-tagged Spt10 at the SAS3, ESA1, SPT10, NUT1) and HDAC (HDA1, HOS1, HOS2, HOS3, RPD3) disruption strains examined for histone genes. We found that Spt10-myc binds stronger at promoters than coding regions at all histone genes acetylation changes at both the promoter and coding regions of histone genes, only one, containing a disrupwith the most binding at the promoters of HTA1 and HTB1 genes (18 fold enrichment as normalized to negation of the putative HAT SPT10, was shown to be required for acetylation of H3 K56 ( Figure S3 ). To analyze tive control and input, Figure 2 ). Spt10-myc binds 2.2-to 2.6-fold better at coding regions of all histone genes the extent of K56 acetylation along the various histone promoters and coding regions and the involvement of than to adjacent nonhistone IGRs and ORFs. Therefore, while Spt10 is highly enriched at histone gene promot-SPT10 in their acetylation, we examined both IGRs and coding regions at all histone genes. We corrected for ers, it also binds at a lower but significant level to adjacent histone ORFs. To determine whether the effect of SPT10 on transcription is mediated through K56, we then examined G199A and G201A changes within the HAT domain has virtually the same strong defect as an spt10D mutant in the effect of K56R on the expression of genomic H2A and H2B genes. As shown in Figure 4C , H3 K56R rehistone gene activation (Hess et al., 2004) . Therefore, we asked whether spt10-199 also affects K56 acetylasults in a 2.3-to 2.9-fold decrease in the expression of all four H2A and H2B genes as compared to the wt tion at histone genes. We found that K56 acetylation was reduced between 2.7-fold (HHF2) and 3.8-fold strain or as compared to H3 K18R (another site affected by spt10D) and H4 K12R (that is not affected by (HHT1) in the spt10-199 mutant as compared to the wt strain ( Figure 3B ). The decrease of K56 acetylation in spt10D). Therefore, K56 in histone H3 is uniquely important for transcription of the histone genes examined. spt10-199 is almost as severe as in the spt10D strain harboring an empty vector. These data indicate that the Previous studies demonstrated that an essential subunit of the SWI/SNF nucleosome remodeling complex, Spt10 acetyltransferase domain is essential for K56 acetylation at histone genes. Snf5, is required for full expression of histone HTA1-HTB1 genes (Dimova et al., 1999). Thus, we examined the effects of snf5D deletion on other histone genes in Spt10, K56 Acetylation, and Snf5 Are All Required this study. As shown in Figure 4D , snf5D significantly for Histone Gene Expression reduces the expression of all the histone genes from We then asked whether Spt10 regulates transcription 1.9-fold (HTB1) to 2.6-fold (HTB2). These data indicate of all histone genes. As previously reported, Spt10 is that Spt10 through its catalytic domain, H3 K56, and required for expression of a subset (HTA2, HTB2, HHF2 pression, we first examined when in the cell cycle these the important role of K56 acetylation in gene regulation in S phase. In order to rule out the possibility that cycleevents occur. Histone HTA1 gene expression is strictly cell cycle regulated (Spellman et al., 1998), and its exspecific K56 acetylation is caused by heat shock of growing cells at the restrictive temperature of 37°C, we pression peaks at about 75 min after shifting synchronized cdc15 ts cells from the restrictive temperature of also examined the H3 K56 acetylation pattern at the HTA2 gene coding region using cells synchronized by 37°C to the permissive temperature of 23°C (see Experimental Procedures and Figure 5A ). We find that H3 K56 α factor arrest in G1 (Spellman et al., 1998) . In cells that have been synchronized by α factor arrest at 30°C, H3 acetylation is also cell cycle regulated and peaks 25 min earlier than the peak of histone HTA1 gene expres-K56 acetylation peaks at 30 min after release from α factor, which is 10 min earlier than the expression peak sion at both the promoter (data not shown) and coding region ( Figure 5A ) of the HTA1 gene. Interestingly, we ( Figure S5A ). Thus, K56 acetylation occurs in a cell cycle-specific manner significantly earlier than histone find at the HTA1 coding region that K56, but neither H3 K18 (affected by SPT10) nor H4 K12 (unaffected by gene expression in S phase. We wished to then determine when in the cell cycle SPT10), is acetylated in a cell cycle-specific manner ( Figure 5D ). Similar findings were made at the HTA2 K56 acetylation and Snf5 binding take place at HTA1 relative to its gene expression. ChIP analysis demongene (Figures S5B and S5C) . These data underscore strates that the peak of Snf5 binding is coincident with H3 K56 acetylation at both the HTA1 promoter and coding region ( Figure 5A ). To ask whether Spt10 and K56 acetylation are required for Snf5 binding, we examined both in an spt10D strain. We found that the absence of SPT10 abolishes the cell cycle-specific peaks of H3 K56 acetylation, Snf5 binding, and mRNA expression at HTA1 ( Figure 5A) and HTA2 genes (Figure S5B) . Moreover, the substitution K56R results in dramatically decreased Snf5 binding at both the promoter (2.3-fold) and coding region (3.1-fold) of the HTA1 gene ( Figure  5B ). However, H3 K56 acetylation at the HTA1 gene pro- bling histone gene transcription.
K56 Acetylation Also Controls SWI/SNF
downregulated >2-fold in spt10D and K56R mutants, Recruitment at the SUC2 Gene respectively. Between these two gene sets, we found a SUC2 is a gene that is also regulated by the SWI/SNF highly significant overlap of 33 genes (p = 2.
2E-28; Figremodeling complex (Geng and Laurent, 2004
). Thereure S7C). These data strongly suggest a functional confore, to examine a nonhistone gene, we asked whether nection between Spt10 and K56 acetylation in regards K56 acetylation is important for Snf5 recruitment and to genome-wide gene expression. We found a lesser SUC2 activity. Using RT-PCR, we compared SUC2 gene but still positive correlation between the expression expression upon induction (switching the carbon profiles of snf5D and K56R mutants (R = 0.19), suggestsource from glucose to raffinose) in wt and H3 K56R ing that the K56R mutation affects the expression of a mutant strains. We found that K56R severely impairs subset of genes that are Snf5 dependent. Thus, H3 K56 the activation of the SUC2 gene (10.8-fold increase of acetylation may reflect one of several pathways that expression in wt as compared to 2.8-fold increase in contribute to SWI/SNF recruitment. K56R mutant strain after 90 min induction; Figure S6A) .
One of these pathways may involve cell cycle-speBy ChIP, we also demonstrate that in wt cells, H3 K56 cific expression. We compared our K56 acetylation acetylation increases at both the promoter (2.1-fold) microarray data to the whole-genome cell cycle-speand ORF (4.5-fold) of the SUC2 gene when SUC2 is cific gene expression data (Spellman et al., 1998). activated in raffinose ( Figure S6B ). These increases, esAmong the top 123 hyperacetylated ORFs (>1.6-fold), pecially at the promoter, are likely to be an underesti-98 genes have their cell cycle expression data availmate of the actual increase in acetylation of K56, since able. Among those 98 genes, 32 were found to be cell gene activity is accompanied by considerable nucleocycle regulated with their expression peaks in diverse some loss at the promoter (Boeger et al., 2003; Reinke phases during the cell cycle (Table S1 ). The comparison and Horz, 2003) for which we did not correct in these shows that there is a statistically significant overlap beexperiments. Finally, the H3 K56R mutation disrupts tween cell cycle-regulated genes and K56 hyperacetySnf5 binding (w2 fold) to the SUC2 gene when SUC2 lated genes as determined by the hypergeometric disis activated ( Figure S6C ). We conclude that SUC2 is tribution value (p = 1.8E-06; Figure S7A ). also regulated by acetylation of K56.
H3 K56 Acetylation Is Conserved between Yeast and Drosophila, but Not in Human Cells Whole-Genome Expression Analysis Shows Positive Correlations between the Expression Profiles
Finally, we wished to know the extent to which K56 acetylation is conserved in evolution. Using the highly of spt10D, K56R, and snf5D Mutants To determine how Spt10, K56, and Snf5 affect gene exspecific α-K56 Ac antibody ( Figure S2) , we examined the presence of H3 K56 acetylation among different pression genome-wide, we examined whole-genome expression profiles in spt10D, K56R (whose charge organisms by Western blot. As shown in Figure 6 , the α-K56 Ac antibody strongly immunoreacts with hismimics unacetylated K56), and snf5D mutant strains. We found there to be a strong positive correlation betones in the whole-cell extracts of yeast and S2 cells of Drosophila melanogaster but not that of HeLa cells. tween the expression profiles of spt10D and K56R mutant cells (R = 0.49; Figure S7B ). spt10D showed a lower
We also see no crossreaction of α-K56 Ac antibody to bulk histones of calf and chicken (data not shown). This correlation (R = 0.21) with K56G, which replaces the lysine with an uncharged amino acid ( Figure S7B) . We is unlikely to be due to sequence differences in these organisms in the peptide epitope recognized by the analso compared our K56G and K56R expression profiles to that of a gcn5D strain (Lee et al., 2000) . (2004) nor our laboratory (data not shown) were able to through the putative acetyltransferase Spt10 preferendemonstrate in vitro HAT activity for Spt10, our data tially occurs at a subset of actively transcribed genes, indicate that the Spt10 is likely to be a HAT that desuch as those coding for histones. We also showed termines K56 acetylation. Interestingly, the effect of that K56 acetylation near the entry-exit points of the spt10D on K56 is strongest on cells in S phase. In asyn-DNA superhelix as it wraps around the nucleosome is chronous cells, there is considerable K56 acetylation required for recruiting the nucleosome remodeling remaining at certain histone genes in the spt10D mucomplex SWI/SNF and for subsequent histone gene actant ( Figure 1A) . Moreover, spt10D has but a minor eftivity.
fect (<15% decrease) on H3 K56 acetylation of bulk hisSeveral lines of evidence suggest that Spt10 is a HAT tones examined by Western blot (data not shown). that is responsible for H3 K56 acetylation in S. cerevisTherefore, while there is likely to be more than one HAT iae. First, Spt10 binds to all the histone genes and that acetylates K56, Spt10 is the major HAT that modispt10D affects K56 acetylation at all histone genes (Figfies K56 in an S phase-specific manner. ures 1 and 2). This is especially evident in synchronous It was noted above that SPT10 is required for acetylacells in which spt10D completely abolishes the promition not only of H3 K56 but also K18 and K9. Yet we nent peak of K56 acetylation preceding the mRNA exfind that K56 mutation strongly affects histone gene expression while K18 does not ( Figure 4C) . Interestingly, pression peak in S phase (Figures 5A and S5B) . Sec-we find at the HTA1 and HTA2 coding regions that only allow an alternate means of protein recruitment and chromatin opening remains to be determined. K56 is acetylated in a cell cycle-specific manner unlike H3 K18 and the control H4 K12 site that is unaffected by Spt10 (Figures 5D, S5B, and S5C ). This is expected 
